Abstract: Renewable energy systems (RES) in buildings should be designed carefully, not only because of the need for an optimal design, but also to comply with related laws. Therefore, the design of RES in the buildings requires close collaboration between architects and engineers from the beginning of the design process. To support such collaboration, this study proposes a simplified design method for RES in buildings during the early design stage. By using the proposed design method, design alternatives that meet the required energy standards as suggested by law are first generated. Further designs are made to evaluate the performance and cost of the design alternatives and to find the optimal types of RES for the building. The study also uses a case study to verify the applicability of the design method to the early design stage. Although the performance and cost of the different design alternatives are similar, the implementation of each type of RES in each design alternative is different. Nonetheless, by analyzing performance patterns and the cost ratio of each type of RES in each design alternative, the study allows the most suitable type of RES to be chosen for the building.
Introduction
To mitigate climate change problems, many countries and industries have made an effort to reduce greenhouse gas emissions [1, 2] . There is growing concern that buildings are one of the most energy-intensive sectors and contributors to greenhouse gas emissions in developed countries [3, 4] . According to recent reports by the U.S. Department of Energy (DOE), the building sector has a higher potential for reducing greenhouse gas emissions than other sectors [5] . There are many different ways to reduce greenhouse gas emissions from buildings. High-performance buildings have been regarded as one of the most advanced and effective ways of reducing greenhouse gas emissions [6] [7] [8] .
The successful implementation of high-performance building requires the application of renewable energy systems (RES), as well as passive building design approaches [9, 10] .
To combine these efforts, a number of countries including South Korea have established regulations to enforce the installation of RES in buildings [11] [12] [13] . The European Union (EU) has also set a target for all new buildings to be nearly zero-energy by 2020 [14] . Nearly zero-energy buildings have very high energy performance and the low amount of energy these buildings require come mostly from renewable energy sources. The U.S. Environmental Protection Agency (EPA) has also published the Energy and Environment Guide to Action to gather the latest best practices and opportunities, which the states are using to invest in energy efficiency, renewable energy, and combined heat and power [15] . According to regulations from the South Korean government, a portion of the building energy demand for newly-built public building with total floor area of at least 1000 m 2 should be
Previous Design Methods and Tools for RES in Buildings

Design Methods for RES in Buildings
The purpose of designing an RES for a building is generally to maximize energy generation from renewable resources or minimize the RES installation cost [17] [18] [19] [20] [21] [22] [23] [24] . For this purpose, RES design methods were proposed to evaluate the performance of multiple renewable resources instead of considering only a single renewable energy source. This is because individual renewable energy sources are not normally enough to meet the required MRESR for the building. Thus, several studies have emphasized the importance of an optimal combination of RES [13, 18, 25, 26] . Richardson and Harvey suggested that one load-balancing method is to determine the optimal lowest-cost mix of renewable energy sources, demand response, and energy storage to replace conventional fuels [18] .
Vidal-Amaro et al. proposed a minimum total mix capacity (MTMC) method to determine the optimal mix of RES and fossil fuels in an electricity system by considering the hourly values of RES production and electricity demand [13] . Using the MTMC method, several combinations of biomass, wind, and solar power that achieved a minimum of 35% RES electricity production were identified.
A principle of RES design is to determine the appropriate type and size of each RES to meet the building's energy requirements. In addition, other building parameters included in the architectural plan should also be considered. Accordingly, many researchers have suggested that a combination of multiple renewable energy sources-such as geothermal, biomass, wind, solar, etc.-is necessary [27, 28] . To design a RES considering the interrelation between architectural features and RES performance, close collaboration and communication between architects and engineers is needed. For example, installable capacities of the RES such as photovoltaic panels (PV), solar collectors, and ground heat exchangers depend on the area of the building envelope and site. Building orientation is another main factor affecting the performance of PV modules and solar collectors. Moreover, the heating and cooling loads of the building vary according to the building shape and orientation. Consequently, a suitable RES for the building can be modified.
Working together, architects and engineers should decide which type and size of RES is appropriate for the building and which architectural features should be changed to provide sufficient area to install the RES. This collaboration between architects and engineers should begin in the early design stage because decisions regarding the design of the RES at this point significantly influence the building performance [29, 30] . Furthermore, determining the optimal RES for a building is a complex process due to the number of design variables, performance parameters, and constraints involved in the design process. Most of these variables and parameters are unknown in the early design stage. Therefore, in order to support collaboration between architects and engineers, a simplified method to design a RES for a building is necessary. With this method, optimal design alternatives can be generated that meet the MRESR under architectural conditions such as the building envelope, floor shape, site area, etc. In addition, a simplified design method for RES in buildings should support architects and engineers in evaluating the performance of each RES design alternative and make decisions regarding the optimal RES from the technical and economic perspectives.
Design Tools for RES in Buildings
To find the optimal RES design for a building, several design tools have commonly been used. These tools were developed to assess, analyze, and optimize the potential energy and cost impact of RES and energy-efficient technologies [31] . These tools differ in scale and complexity, as well as in the input required by the software to generate the intended output [31] .
One widely used design tool is RETScreen. RETScreen was developed to evaluate energy production, life-cycle costs, and the reduction of greenhouse gas emissions of various types of renewable energy systems [32] [33] [34] [35] [36] . In RETScreen, the performance of different types of renewable energy sources, including wind power [37, 38] , hydro power [39, 40] , PV [41] [42] [43] , combined heat and power (CHP) [35] , bio energy [44, 45] , solar heating [33, [46] [47] [48] , and geothermal heating and cooling [49] , can be evaluated. RETScreen allows users to compare the economic performance of conventional systems and RES alternative systems for optimal design. However, RETScreen is only appropriate for users with sufficient knowledge about RES. In addition, it is not easy for users to determine whether the design alternatives meet legislative requirements such as MRESR.
Another RES performance evaluation tool, MERIT, has the advantage that optimal systems are determined by analyzing whether energy supplies from renewable energy systems can meet the building load [50] . In MERIT, a matching analysis is performed to find the optimal RES that is most suitable for the building [51] . When the amount of energy supply at a given time is almost same as the energy demand at the same time, the matching analysis determines that it is well matched. Therefore, MERIT should be co-simulated with ESP-r, a dynamic building energy simulation program. To design stand-alone RES, MERIT is most appropriate for analyzing whether the design alternative is technically reliable or not. However, most RES in South Korea are connected to the grid, so evaluating the economic feasibility is as important as analyzing the system reliability.
Hybrid Optimization of Multiple Energy Resources (HOMER) is also widely used to evaluate RES performance. This tool provides support for optimizing micro-grid designs that include a combination of renewable energy sources, storage, and fossil-fuel energy generation [52] . The optimization algorithm greatly simplifies the design process for identifying least-cost options for micro-grids or other distributed generation electrical power systems. Therefore, HOMER is a complex software that has many different input options pertaining to system size, cost, lifetime, and depreciation [31] . Unlike the aforementioned evaluation programs, HOMER is used to evaluate types of renewable energy sources to generate electricity. Therefore, it is difficult to the evaluate feasibility of other RES such as geothermal energy and solar collectors.
In addition to commonly used RES design tools, other studies have also developed design tools and processes for implementing RES in buildings. Zhang et al. proposed a multi-criterion renewable energy system design optimization for net zero-energy buildings to consider uncertainties related to system performance [53] . Lu et al. investigated optimization methods for renewable energy systems in low-/zero-energy buildings by comparing the performance effectiveness of a single objective using a genetic algorithm and the effectiveness of multi-objectives using non-dominated sorting genetic algorithm optimization techniques [54] . In this study, a performance evaluation tool was developed using MATLAB. The tool was co-simulated with TRNSYS to consider the building heating and cooling load. Sharafi et al. developed a simulation-based meta-heuristic approach to determine the optimal size of a hybrid renewable energy system for residential buildings [55] .
These previous studies made detailed performance simulations to determine optimal designs, but such methods are not easy to use in the early design stage. To overcome this problem, Kim & Kim proposed an optimal sizing method for RES for school buildings based on simplified sizing equations [56] . While this study is suitable for school buildings, it is difficult to apply to other building types. Hence, RES design methods that estimate the energy production from renewable sources with variables available in the early design stage are necessary.
Simplified Design Method for RES in Buildings in the Early Design Stage
Process of Simplified Design Method
A simplified design method was proposed to meet four main goals of RES design in buildings during the early design stage: to meet the required MRESR for the building, to consider essential architectural design features determined in the early design stage, to determine optimal design alternatives, and to perform these processes quickly and simply. As shown in Figure 1 , the simplified design method consists of four steps: establish objectives for RES design in the building, generate design alternatives, evaluate design alternatives, and determine optimal design alternatives. Hybrid Optimization of Multiple Energy Resources (HOMER) is also widely used to evaluate RES performance. This tool provides support for optimizing micro-grid designs that include a combination of renewable energy sources, storage, and fossil-fuel energy generation [52] . The optimization algorithm greatly simplifies the design process for identifying least-cost options for micro-grids or other distributed generation electrical power systems. Therefore, HOMER is a complex software that has many different input options pertaining to system size, cost, lifetime, and depreciation [31] . Unlike the aforementioned evaluation programs, HOMER is used to evaluate types of renewable energy sources to generate electricity. Therefore, it is difficult to the evaluate feasibility of other RES such as geothermal energy and solar collectors.
Simplified Design Method for RES in Buildings in the Early Design Stage
Process of Simplified Design Method
A simplified design method was proposed to meet four main goals of RES design in buildings during the early design stage: to meet the required MRESR for the building, to consider essential architectural design features determined in the early design stage, to determine optimal design alternatives, and to perform these processes quickly and simply. As shown in Figure 1 , the simplified design method consists of four steps: establish objectives for RES design in the building, generate design alternatives, evaluate design alternatives, and determine optimal design alternatives. In the first process, the amount of energy generation from renewable resources should be determined following the required MRESR for the building. To design a zero-energy building, for example, the proportion of energy from renewable resources compared to the total building energy consumption is 100%. In most countries, this ratio is provided in building standards or legislation. In the first process, the amount of energy generation from renewable resources should be determined following the required MRESR for the building. To design a zero-energy building, for example, the proportion of energy from renewable resources compared to the total building energy consumption is 100%. In most countries, this ratio is provided in building standards or legislation. The South Korean government has established legislation related to this ratio-i.e., MRESR-with the goal of strengthening it. The MRESR was 10% in 2011, but will gradually increase to 30% by 2020.
The amount of energy from renewable resources is determined based on this ratio. In the study, the building energy consumption is calculated based on the energy consumption per unit area, as suggested by South Korean government. This data allows architects and engineers to quickly estimate the building energy consumption [57] . In addition, even if a number of design variables and parameters are unknown, this data enables the building energy consumption to be estimated in consideration of the building type and region. Table 1 shows the energy consumption per unit area according to building type and Table 2 shows the conversion coefficient by region. The conversion coefficient by region incorporates the regional difference in climate to the estimated data. For example, Jeju is located at the southernmost region in South Korea and has a humid subtropical climate, whereas Gongwon Yeongseo is located at the center of the Korean peninsula and has hot summers and a humid continental climate. In the second step, RES design alternatives are generated to meet MRESR under the design conditions determined during the early design stage. Each design alternative consists of a combination of types of RES and their capacity. Design alternatives are generated by changing the capacity of each RES from minimum capacity (when a certain system is not installed in the building, the value is 0) to maximum capacity. The maximum capacity of each RES is determined by establishing how many units can be installed within the limited building envelope and site area. To find the maximum capacity, it is assumed that the installation of each system follows rules for maximizing their performance, such as the appropriate distance between each RES unit.
In the third step, every design alternative is evaluated to determine whether they meet the required MRESR of the building. For a quick estimation of energy from RES, in this study, the simple performance data are used. The simple performance data include the renewable energy generation per unit and the conversion coefficient of each RES. These are also provided in applicable laws from the South Korean government. Table 3 shows the amount of energy generation per RES unit and the RES conversion coefficient. For every building that is designed based on the corresponding law, the amount of energy generation from RES is estimated based on the values illustrated in Table 3 . Consequently, these values have a significant impact on the selection of RES types; the RES type in which the energy generation per unit is significantly greater than the others can be selected straightaway to satisfy the MRESR requirement of the building. The conversion coefficient was suggested to support a balanced implementation of each RES type to buildings.
For all design alternatives, the amount of energy generation is calculated and compared with the amount of required energy from renewable resources. If none of the design alternatives meet the requirements, the architect and engineer should change the shape or height of the building and repeat the design process from the first step. Finally, the optimal RES design alternative is determined. This includes several performance indexes such as cost, CO2 emissions, and the amount of energy generation from RES [58] . To consider the overall cost associated with the RES, the life cycle cost (LCC) is a more appropriate index than the installation cost; however, more importantly, the design alternative should meet the requirements of the related law. Therefore, this study primarily considered two indexes, the amount of energy generation and total installation cost, to obtain the optimal design alternatives.
When a number of design alternatives meet the RER requirements, the engineer can reduce the number of RES types by adjusting the installable area. The architect may not prefer rooftop PV or solar collectors because these systems may spoil the esthetics of the building. With the proposed design method, the engineer can regenerate and reevaluate design alternatives, ruling out those systems.
A Design Tool to Support Simplified RES Design in Buildings
The design tool was developed by implementing the proposed design method. It was developed using VBA, following input and output shown in Figure 2 and the algorithm shown in Figure 3 . By entering essential input in the design tool, design alternatives that meet the required building MRESR are generated. The amount of energy produced in each design alternative and its cost are printed on the screen to assist the user in comparing design alternatives. The installation cost of each design is estimated based on the unit installation cost of each RES. Table 4 illustrates data regarding the unit installation cost provided by the applicable South Korean laws.
The design tool was developed by implementing the proposed design method. It was developed using VBA, following input and output shown in Figure 2 and the algorithm shown in Figure 3 . By entering essential input in the design tool, design alternatives that meet the required building MRESR are generated. The amount of energy produced in each design alternative and its cost are printed on the screen to assist the user in comparing design alternatives. The installation cost of each design is estimated based on the unit installation cost of each RES. Table 4 illustrates data regarding the unit installation cost provided by the applicable South Korean laws. This design tool relies on several assumptions. Among the variety of renewable energy sources-fixed rooftop PVs, rooftop solar trackers, building-integrated PVs (BIPV), flat-plate solar collectors, single vacuum tube solar collectors, double vacuum tube solar collectors, and closed-ground heat exchangers-which are commonly adopted in buildings in South Korea, were considered. It is assumed that fixed rooftop PVs, rooftop solar trackers, flat-plate solar collectors, and single and double vacuum tube solar collectors are installed on the roof and that BIPV systems are installed on the south-facing wall. It is also assumed that closed-ground heat exchanger is installed at the site area.
When designing the solar collectors and rooftop PVs, it is assumed that every unit faces south and is situated such that its shadow does not fall on adjacent units. The extractable heat rate from a closed-ground heat exchanger depends not only on the thermal properties of the ground and ground heat exchanger, but also on the distance between each ground heat exchanger. This study assumed 6 m as the optimal distance between each ground exchanger, but this value can be changed by the user. The maximum capacity is calculated based on the area of the roof, walls and site, the distance between each RES unit, and the capacity of each RES unit. These values are set by the user. This design tool relies on several assumptions. Among the variety of renewable energy sources-fixed rooftop PVs, rooftop solar trackers, building-integrated PVs (BIPV), flat-plate solar collectors, single vacuum tube solar collectors, double vacuum tube solar collectors, and closedground heat exchangers-which are commonly adopted in buildings in South Korea, were considered. It is assumed that fixed rooftop PVs, rooftop solar trackers, flat-plate solar collectors, and single and double vacuum tube solar collectors are installed on the roof and that BIPV systems are installed on the south-facing wall. It is also assumed that closed-ground heat exchanger is installed at the site area.
When designing the solar collectors and rooftop PVs, it is assumed that every unit faces south and is situated such that its shadow does not fall on adjacent units. The extractable heat rate from a closed-ground heat exchanger depends not only on the thermal properties of the ground and ground heat exchanger, but also on the distance between each ground heat exchanger. This study assumed 6 m as the optimal distance between each ground exchanger, but this value can be changed by the user. The maximum capacity is calculated based on the area of the roof, walls and site, the distance between each RES unit, and the capacity of each RES unit. These values are set by the user. 
Case Study
A case study was used to demonstrate the applicability of the proposed design method. Since the method was proposed to support collaboration between architects and engineers during early design stage, the demonstration was made under the general architectural design conditions decided upon in the early design stage. In general, in the early design stage, the building shape, dimension, and building orientation are mainly determined by architects. In this method, the engineer calculates the amount of energy generated by RES based on the architect's initial design. The architect decides whether to keep or change the initial design based on the calculated energy output.
In this study, a building model is assumed as shown in Table 5 . The building design conditions consist of five factors: total floor area, site area, roof area, exterior wall area, and MRESR. The total floor area and site area are necessary when deciding the building scale and number of floors. Particularly, the total floor area is an important design variable because it is used to estimate building energy consumption. The roof area and exterior wall area are also important for estimating the amount of energy coming from the rooftop PVs or solar collectors. The MRESR serves as a guideline for determining the amount of energy generated from RES or the initial cost of installing RES in a building. In this study, the building MRESR is assumed to be 50%. This assumption reflects the mandatory energy capacity of renewable energy systems in the United States, Australia, and other countries by 2030, which is up to 50% of total energy consumption [59] [60] [61] [62] . Figure 4 shows different building forms that can be generated with the architectural design conditions listed in Table 5 . As shown in Figure 4A -2, the building consists of three stories and has a long rectangular shape, whereas Figure 4A -1 shows a building with five stories and a short rectangular shape. Comparing Figure 4A -1,A-2,B types of the building roof of Figure 4A -1,A-2 are flat and sloped roofs, whereas those of Figure 4B are flat and gabled roofs. This means that even under the same architectural design conditions, the number of building stories and aspect ratio can be different. Using the simplified design, however, the engineer can estimate the energy generation from RES in the early design stage regardless of building shape. In addition, the architect can create a variety of building design alternatives without any RES limitations.
consist of five factors: total floor area, site area, roof area, exterior wall area, and MRESR. The total floor area and site area are necessary when deciding the building scale and number of floors. Particularly, the total floor area is an important design variable because it is used to estimate building energy consumption. The roof area and exterior wall area are also important for estimating the amount of energy coming from the rooftop PVs or solar collectors. The MRESR serves as a guideline for determining the amount of energy generated from RES or the initial cost of installing RES in a building. In this study, the building MRESR is assumed to be 50%. This assumption reflects the mandatory energy capacity of renewable energy systems in the United States, Australia, and other countries by 2030, which is up to 50% of total energy consumption [59] [60] [61] [62] . Figure 4 shows different building forms that can be generated with the architectural design conditions listed in Table 5 . As shown in Figure 4 A-2, the building consists of three stories and has a long rectangular shape, whereas Figure 4 A-1 shows a building with five stories and a short rectangular shape. Comparing Figure 4 A-1 and 2 and B, types of the building roof of Figure 4 A-1 and 2 are flat and sloped roofs, whereas those of Figure 4 B are flat and gabled roofs. This means that even under the same architectural design conditions, the number of building stories and aspect ratio can be different. Using the simplified design, however, the engineer can estimate the energy generation from RES in the early design stage regardless of building shape. In addition, the architect can create a variety of building design alternatives without any RES limitations. 
Results
Analysis of Design Alternatives with Similar Energy Generation
If the energy consumption of the building was estimated to be approximately 85,481 kWh, the amount of energy that should be generated by RES is at least 42,740 kWh. By changing the combination of RES and number of RES units, design alternatives that meet the required MRESR were generated. A number of design alternatives meet the required MRESR, i.e., the amount of energy generation in those alternatives is greater than 42,740 kWh. Among all design alternatives, 30 with the least energy generation were selected for the analysis. Accordingly, the amount of energy production in those design alternatives is slightly larger than 42,740 kWh. In this case, fixed rooftop PVs, BIPVs, flat-plat solar collectors, single vacuum tube solar collectors, double vacuum tube solar collectors, and closed-ground heat exchangers were selected as the types of RES considered. Table 6 shows the amount of energy generation and total installation cost of each design alternative. As shown, the amount of energy generation of the thirty design alternatives falls between 42,748 kWh and 43,911 kWh. The difference between the minimum and maximum energy generation from RES is only 1163 kWh, which is less than 3% of the minimum amount of energy generated by RES.
However, the installation cost of RES in the building has a different pattern from energy production. The installation cost of RES ranges from $69,317 to $223,700, and the maximum cost is more than three times the minimum cost. This implies a great difference in initial RES-installation cost, though there is little difference in energy generation via RES among the design alternatives.
To intuitively understand the performance of the 30 design alternatives selected, Figure 5 shows the energy generation ratio of each RES in each design alternative. As shown in Figure 5 , the combination of RES varies among the different design alternatives. In the case A1-16, only three types of RES-fixed rooftop PVs, BIPVs, and closed-ground heat exchangers-were selected for the design alternatives. On the other hand, in cases A1-6, 9, 10, 11, 19, 25, 27, and 28, six types of RES-fixed rooftop PVs, BIPVs, flat-plate solar collectors, single vacuum tube solar collectors, double vacuum tube solar collectors, and closed-ground heat exchangers-were combined for the design alternatives. Figure 6 shows the cost ratio of installing each RES in each design alternative. The average installation cost of the thirty design alternatives selected is $158,432. The lowest cost of A1-23 is $69,371 and the largest cost of A1-22 is $223,700. For all design alternatives, BIPVs cost the most to install, followed by flat-plate solar collectors and closed-ground heat exchangers.
In addition, the installation cost also depends on the number of each RES units in each design alternative, even if the types of RES in the design alternatives are the same. For A1-12 and 30, BIPVs, flat-plate solar collectors, and closed-ground heat exchangers were selected. The amount of energy generation in A1-12 is 43,277 kWh and the installation cost is $79,448. The amount of energy generation in A1-30 is 43,911 kWh and the installation cost is $171,844. Although the amount of energy generation in both cases is almost the same, large differences in installation cost were found. This difference is due to the way in which the RES were combined in the design alternatives. In cases A1-12, the installation cost ratios of BIPVs, closed-ground heat exchangers, and flat-plate solar collectors are 81, 8, and 6%, respectively. However, in case A1-30, the installation cost ratios of BIPVs, closed-ground heat exchangers and flat-plate solar collectors are 94, 3, and 3%, respectively. In cases A1-12, the installation cost ratios of BIPVs, closed-ground heat exchangers, flat plate solar collectors, and others are 81, 8, 6 , and 5%, respectively. However, in cases A1-30, the installation cost ratios of BIPVs, closed-ground heat exchangers, and others are 94, 3, and 3%, respectively. 
Analysis of Design Alternatives with Similar Energy Generation and Installation Cost
In the previous section, the amount of energy generation and installation cost of design alternatives with the least energy generation were analyzed. The study found large differences in Figure 6 . Installation cost of each RES in each design alternative.
In the previous section, the amount of energy generation and installation cost of design alternatives with the least energy generation were analyzed. The study found large differences in installation cost among the design alternatives. This section presents an analysis of the amount of energy generation and installation cost of each design alternative by narrowing down the design alternatives. For this purpose, by limiting both the installation cost and MRESR, design alternatives were selected anew. In reference to the minimum installation cost obtained in the previous section, the maximum installation cost per RES was calculated to be $72,840 by adding 5% to its minimum cost. The maximum installation cost is defined as the acceptable installation cost. Consequently, new design alternatives were chosen for which the cost was higher than the minimum installation cost and smaller than the acceptable installation cost. Nevertheless, the amount of energy generation in these design alternatives is slightly larger than 42,740 kWh. There is no limitation to combining types of RES and maximizing the energy generation from RES in a building. Table 7 illustrates the amount of energy generation and cost of the 30 design alternatives selected. As shown in the Table, the costs range from $69,371 to $69,635. The difference between minimum and maximum cost is $264, which is only 0.4% of the minimum RES installation cost. The amount of energy generated from RES for each design alternative ranges between 40,732 kWh and 43,792 kWh. The difference between minimum and maximum energy production per RES is 60 kWh, which is 0.14% of the amount of minimum energy generation from RES. Figure 7 shows a graph of the energy generation ratio of each RES in each design alternative. The study found that the amount of energy generation from BIPVs was the same, with 6070 kWh for all design alternatives, and that of closed-ground heat exchangers was also the same, with 20,736 kWh. For all design alternatives, the total amount of energy generation from BIPVs and closed-ground heat exchangers met more than half the required amounts of energy generation. These results indicate that BIPVs and closed-ground heat exchangers should be considered as priorities. 
Discussion on Decision-Making for Optimal RES Design
These results show that the amount of energy generation and installation cost differ by design alternative even when the design alternatives were narrowed down by MRESR and acceptable cost. A difference in amount of energy generation was also found, which may be caused by the way in which the RESs were combined. In spite of these characteristics, important insights can be gained from the results. By examining the selected design alternatives in Section 5.1, the study found that the amount of energy generation from closed-ground heat exchangers and BIPVs met more than half the required amounts of energy generation. The amount of energy generation from BIPVs and closed ground heat-exchangers differs in each design alternative. Nonetheless, most energy is generated by BIPVs and closed ground-heat exchangers in all design cases. This means that installing BIPVs and closed ground heat-exchangers is essential for meeting the required MRESR.
In the results of Section 5.1, the cost of design alternatives differs significantly compared to the difference in amount of energy generation. By following two criteria-i.e., MRESR and acceptable cost-30 design alternatives were selected from among all design alternatives. Like the patterns seen in Section 5.1, the data in Figure 8 shows that the amount of energy generation from BIPVs and closed-ground heat exchangers accounts for more than half the required energy generation. From these results, engineers and architects can rely on BIPVs and closed ground-heat exchangers as primary RES in meeting the required MRESR.
The study also found different patterns in the results of Sections 5.1 and 5.2. When only MRESR is considered as the design objective, there is considerable difference in energy generation from BIPVs and closed-ground heat exchangers depending on the design alternative. On the contrary, when both MRESR and acceptable cost were considered, there is little difference in energy generation from BIPVs and closed-ground heat exchangers according to the design alternative. The study found meaningful results by considering only one criterion, but clearer findings were obtained when two criteria were considered. Nonetheless, other RES were also selected for design alternatives, which means that BIPVs and closed-ground heat exchangers alone are not sufficient to meet the required MRESR due to the limitation of the building walls and site areas. To meet the remaining required amounts of energy generation, flat-plate solar collectors, single vacuum tube solar collectors, and double vacuum tube solar collectors were combined. The number of units of each RES differs according to the design alternative. In cases of A2-11, only flat-plate solar collectors were chosen to produce the remaining required amounts of energy generation. As well, in cases A2-28, only double vacuum tube solar collectors were selected. However, for most design alternatives, multiple RES types were selected.
The study also found different patterns in the results of Sections 5.1 and 5.2. When only MRESR is considered as the design objective, there is considerable difference in energy generation from BIPVs and closed-ground heat exchangers depending on the design alternative. On the contrary, when both MRESR and acceptable cost were considered, there is little difference in energy generation from BIPVs and closed-ground heat exchangers according to the design alternative. The study found meaningful results by considering only one criterion, but clearer findings were obtained when two criteria were considered. By examining the results illustrated in Figure 8 , the study also provided another insight for architects and engineers for optimal RES design. The amount of energy generation from closedground heat exchangers is almost half the required energy generation, while the installation cost of closed-ground heat exchangers is about a tenth of the total installation cost of its corresponding design alternative. For BIPVs, the energy generation ratio and installation cost are 14% and 77%, respectively. From these results, we can conclude that closed-ground heat exchangers are more favorable in terms of both of energy generation and cost in this design case.
Nonetheless, BIPVs and closed-ground heat exchangers alone are not sufficient to meet the required MRESR, and additional RES are therefore required. In this design case, flat-plate solar collectors, single vacuum tube solar collectors, and double vacuum tube solar collectors were selected. From the results in Figures 7 and 8 , no significant advantage of any particular RES was found. Flat-plate solar collectors are generally cheaper than vacuum tube solar collectors, but they have weaker performance. In addition, the components of each solar collector system are different, which means that differences exist in terms of maintenance, installation, and operational costs. With the parameters adopted in the proposed design method, these differences in cost and performance between each type of solar collector do not seem to be considered sufficiently. To determine more suitable solar collector types for a building, improving the proposed design method is essential. In this study, estimating the performance of each RES is solely based on the performance coefficients as listed in Table 3 . The performance coefficients were established by the South Korean government for the purpose not only of simplifying estimation but also ensuring that the estimation processes of engineers and/or architects are identical. If engineers and/or architects use different design tools or make different assumptions about estimations of performance, the expected performance or costs of design variables can be different, even when the same RES are analyzed. Because the proposed method adopted these performance coefficients, it limits the estimation of performance of each solar collector. Accordingly, to evaluate the performance of each solar collector, improving the By examining the results illustrated in Figure 8 , the study also provided another insight for architects and engineers for optimal RES design. The amount of energy generation from closed-ground heat exchangers is almost half the required energy generation, while the installation cost of closed-ground heat exchangers is about a tenth of the total installation cost of its corresponding design alternative. For BIPVs, the energy generation ratio and installation cost are 14% and 77%, respectively. From these results, we can conclude that closed-ground heat exchangers are more favorable in terms of both of energy generation and cost in this design case.
Nonetheless, BIPVs and closed-ground heat exchangers alone are not sufficient to meet the required MRESR, and additional RES are therefore required. In this design case, flat-plate solar collectors, single vacuum tube solar collectors, and double vacuum tube solar collectors were selected. From the results in Figures 7 and 8 , no significant advantage of any particular RES was found. Flat-plate solar collectors are generally cheaper than vacuum tube solar collectors, but they have weaker performance. In addition, the components of each solar collector system are different, which means that differences exist in terms of maintenance, installation, and operational costs. With the parameters adopted in the proposed design method, these differences in cost and performance between each type of solar collector do not seem to be considered sufficiently. To determine more suitable solar collector types for a building, improving the proposed design method is essential. In this study, estimating the performance of each RES is solely based on the performance coefficients as listed in Table 3 . The performance coefficients were established by the South Korean government for the purpose not only of simplifying estimation but also ensuring that the estimation processes of engineers and/or architects are identical. If engineers and/or architects use different design tools or make different assumptions about estimations of performance, the expected performance or costs of design variables can be different, even when the same RES are analyzed. Because the proposed method adopted these performance coefficients, it limits the estimation of performance of each solar collector. Accordingly, to evaluate the performance of each solar collector, improving the performance coefficients so that they consider the effects of outdoor conditions, building loads, and system configurations is necessary.
In the case study considered in this paper, the target MRESR was set as 50%. This implies that the energy generated from RES of a building should be greater than half the total energy consumption. If the building envelope and site areas are large, the implementation of one RES type may sufficiently supply the required energy. However, in general, the building envelope and site areas are limited; therefore, it is difficult to design a single RES type to satisfy the MRESR requirement. Conversely, if the MRESR is low, a single RES type might suffice. For example, if the MRESR is set as 10% in the case study, the required quantity of the energy generated from the RES is adjusted to 8757 kWh. According to the results in Table 7 , the energy generated by a closed-ground heat exchanger is 20,736 kWh, which implies that it can satisfy the MRESR requirement. However, as the MRESR increases, a single RES type will no longer be sufficient to satisfy the requirement. In conclusion, for public building designs, which should follow the corresponding law, multiple RES types are required to satisfy the MRESR requirement.
As mentioned in the Introduction, since a number of design variables and performance parameters are not decided during the early design stage, the accurate estimation of the RES performance in the building is difficult. Under such uncertain design conditions, a performance evaluation that completely considers the characteristics of building loads, system configuration, and outdoor conditions seems irrelevant. Therefore, this study sought to propose a simplified design method with the design variables available during the early design stage. However, if more appropriate and detailed design parameters or methods are provided in the next design step, they may be used by the architects and engineers to design the most appropriate RES.
Conclusions
The objective of this study was to suggest a simplified design method for RES in buildings during the early design stage. The proposed design method consisted of four steps and the design tool was developed based on the method. The study demonstrated that the simplified RES design method can be used to estimate the amount of energy generation and cost from each RES through a few design variables in the early design stage. The results of the study show that the total amount of energy generation differs depending on the combination of RES, even when the initial cost to apply the RES in a building is similar. It also shows that according to the way in which the types of RES are combined, various design alternatives with similar energy-generation and cost performance can be created.
By examining the amount of energy generation and installation cost ratio of each RES in each feasible design alternative, the study showed that BIPVs and closed-ground heat exchangers are essential for meeting the MRESR for the case study. Furthermore, closed-ground heat exchangers are more favorable than BIPVs because they provide more energy with same installation cost. With these findings, the proposed design method will enable architects and engineers to decide which types of RES are essential and most favorable in the early design stage.
As mentioned several times, only a few essential design variables are available in the early design stage. Architects and engineers need to keep in mind that they should choose the optimal RES in the building with the available information. However, the study obtained a number of feasible design alternatives that meet the MRESR and cost less. With these results, detailed decisions such as the optimal number of RES units and system configuration are not feasible during early design stage. However, with the proposed design method, we found that it is possible to choose the most appropriate types of RES for the building.
